1. Introduction
===============

Thoracolumbar fractures account for approximately 90% of all spinal fractures, and 10% to 20% of thoracolumbar fractures are burst fractures.^\[[@R1]--[@R5]\]^ Short-segment pedicle screw fixation (SSPF) has been beneficial in the management of thoracolumbar spinal fractures. In current studies, posterior intermediate screw fixation at the fracture level can help improve and maintain the kyphosis correction, and the biomechanical stability can also be increased compared with SSPF.^\[[@R1]--[@R15]\]^

There are many studies that compare the biomechanical characteristics and clinical results of SSPF constructs and long-segment pedicle screw fixation (LSPF) constructs without fixation of the fracture level (2 levels above and below of the fractured vertebra).^\[[@R16]--[@R21]\]^ Fixation of the fracture level in an SSPF for thoracolumbar fractures yields similar results as LSPF, such as kyphosis correction and maintenance of the sagittal alignment. This technique saves more vertebral motion segments for the patients.^\[[@R17]\]^ SSPF may suffice for stable burst fractures. More severe injuries may benefit from fracture screws, which can be considered as an alternative treatment to LSPF constructs.^\[[@R19]\]^ Fixation at 2 or 3 levels above and 1 level below is as effective as LSPF with respect to the treatment of thoracolumbar fractures (such as correction loss), kyphosis recurrence, and patient satisfaction, and may save 1 lumbar segment.^\[[@R21]\]^

The objective of the present study was to discuss the effect of the extent and location of fixation on short- or long-segment pedicle screw fixation through intermediate screw fixation at the fractured level in the treatment of thoracolumbar burst fractures. The fixation models, namely, M3-L1 (bilateral 3 monoaxial pedicle screw fixation from L1 to T11); M3-L2, M4-L1 (bilateral 4 monoaxial pedicle screw fixation from L1 to T10); M4-L2, M4-L3, and M5-L2 (bilateral 5 monoaxial pedicle screw fixation from L2 to T10), were simulated and compared with regard to the range of motion (ROM) and von Mises stress (VMS) of the instrumentations.

2. Materials and methods
========================

The procedure was approved by the Ethics Committee of Xinqiao Hospital, the Third Military Medical University of Chinese PLA on September 10, 2010; the project approval number was 20100030.

2.1. Finite element models and implants
---------------------------------------

A finite element model including 7 vertebrae and 6 discs between T9 and L3 of the spine obtained from 64 spiral computed tomography (CT) images of a 40-year-old healthy male (65 kg and 175 cm) without a history of spinal injury, osteoporosis, and radiographic evidence of degeneration was reconstructed and analyzed using finite element analysis software.^\[[@R8],[@R22]--[@R24]\]^ The CT images were scanned and imported into Mimics 10.0 (Materialise, Belgium). The surface model was then exported into Rapidform 2006 (INUS, Korea) to generate and enhance the quality of the solid model. Eventually, the model was imported into Abaqus 6.9 (Simulia) for meshing. Each vertebral body consisted of cortical bone and cancellous bone, and each vertebral disc was composed of nucleus pulposus, annulus fibrosus, and endplates. Posterior elements were built separately from the vertebral bodies. Based on a Boolean operation, the lower half of the T12 segment was resected, and the structure of the posterior part was reserved to establish a finite element model of an unstable thoracolumbar fracture. Surface-to-surface contact was defined between articulation facets. We have built the intact normal spine model and fractured spine model (Fig. [1](#F1){ref-type="fig"}).

![Finite element models: intact model, fracture and fixation model, pedicle screw model.](medi-97-e11244-g001){#F1}

The screw diameter was 6 mm, and the screw length was 45 mm. The pedicle screws in the present study were monoaxial pedicle screws. We have built different fixation models such as M3-L1, M3-L2, M4-L1, M4-L2, M4-L3, and M5-L2 (Fig. [2](#F2){ref-type="fig"}). The element types, material properties, ligamentary cross-sectional area, and implants are shown in Table [1](#T1){ref-type="table"}. The model without implants had a total of 72,055 elements and 20,924 nodes.

![Schematic diagram showing fixation models and the LVMS of pedicle screws and rods according to different fixation models, states of motion and levels.](medi-97-e11244-g002){#F2}

###### 

Material properties in the present FEM has been shown in the table.

![](medi-97-e11244-g003)

2.2. Finite element analysis
----------------------------

The finite element analysis was performed by Abaqus 6.9 (Simulia). The top surface of T9 was applied by a pure moment of 10 Nm combined with a precompressive load of 150 N.^\[[@R23]\],\[25\]^ In the previous study,^\[[@R8]\]^ we applied a pure moment of 10 Nm combined with a precompressive load of 150 N to the fixation models and then measured the ROM of the T11-L1 segments; we measured the ROM of the T9-L3 segments in the present study. Our previous study showed that the calculation model presented in this paper is rational.^\[[@R8]\]^ The ROM of the T9-L3 segments and the largest maximal VMS (LVMS) of the pedicle screws and rods were evaluated. The biomechanical characteristics of M3-L1, M3-L2, M4-L1, M4-L2, M4-L3, and M5-L2 fixation models were analyzed and compared with the intact normal spine model. And the biomechanical characteristics of different fixation models were compared between each other.

2.3. Statistical analysis
-------------------------

We used SPSS version 15.0 (SPSS, Inc., IL) to perform all statistical analyses. We assessed the differences in the continuous variables such as values of ROM and LVMS using paired/independent samples *t* test. The difference of values between intact normal spine model and different fixation models was assessed using paired samples *t* test; the difference of values between different fixation models was assessed using independent samples *t* tests. *P* \< .05 was considered significant. The continuous variables were shown as the mean ± standard deviation (SD).

3. Results
==========

3.1. ROM of the finite element models
-------------------------------------

All fixation models presented a significantly decreased ROM than the intact normal spine model (*P* \< .01) (Fig. [3](#F3){ref-type="fig"}). The mean ROM of the fixation models in all states of motion was decreased from (17.2 ± 3.3)° of M3-L2 to (8.5 ± 1.7)° of M5-L2 with more pedicle screws fixed in the models (Table [2](#T2){ref-type="table"}). There were no significant differences in the mean ROM of all states of motion between the M3-L1 model and the other fixation models except for M5-L2 (*P* = .048, *t* = 2.992). The M3-L2 model showed a significantly larger mean ROM than the M4-L1, M4-L2, and M5-L2 models (Figs. [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

![ROM of different models according to different states of motion.](medi-97-e11244-g004){#F3}

###### 

The mean ROM of fixation models, the mean LVMS of pedicle screws, and rods of different states of motion have been shown in the table.

![](medi-97-e11244-g005)

![LVMS of pedicle screws and rods according to different fixation models.](medi-97-e11244-g006){#F4}

![Mean ROM, LVMS of the pedicle screws and rods of different states of motion. (A) Mean ROM the fixation model of different states of motion. (B) Mean LVMS of the pedicle screws of different states of motion. (C) Mean LVMS of the rods of different states of motion.](medi-97-e11244-g007){#F5}

3.2. LVMS of the pedicle screws and rods
----------------------------------------

The LVMS of the pedicle screws all occurred during flexion (Fig. [1](#F1){ref-type="fig"}). The LVMS values of the pedicle screws were larger in the M3-L2 fixation model (287.1 MPa) and M4-L3 fixation model (283.8 MPa) than in the other fixation models; the pedicle screws with the LVMS were the ones that were fixed at the fractured level (Figs. [2](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}). The pedicle screws with the LVMS in the M3-L1 and M4-L1 fixation models were the ones that were fixed at the lower adjacent segment to the fracture level (Fig. [2](#F2){ref-type="fig"}). The M3-L1 model presented a significantly smaller mean LVMS of pedicle screws in all states of motion than the M3-L2 model (*P* = 0.026, *t* = −2.458). The M3-L2 model and M4-L3 model presented a significantly larger mean LVMS of pedicle screws than the other 4 fixation models (Fig. [5](#F5){ref-type="fig"}) (Table [2](#T2){ref-type="table"}).

3.3. LVMS of the rods
---------------------

The LVMS of the rods all occurred during flexion (Fig. [2](#F2){ref-type="fig"}). The LVMS values of the rods were larger in the M3-L2 fixation model (359.4 MPa), M4-L3 fixation model (351.8 MPa), and M4-L2 fixation model (335.1 MPa) than in the other fixation models, but there were no significant differences in the mean LVMS of the rods in all states of motion among all the fixation models (Fig. [5](#F5){ref-type="fig"}) (Table [2](#T2){ref-type="table"}).

4. Discussion
=============

Many studies had compared the biomechanical characteristics and clinical results of SSPF constructs and LSPF constructs without fixation of the fractured level.^\[[@R16]--[@R21]\]^ However, no studies have compared the biomechanical characteristics of posterior intermediate screw fixation techniques with SSPF and LSPF with regard to the ROM and VMS of the instrumentations, and no studies have shown the extent and location of fixation. In the present study, fixation models showed significantly less ROM than the intact normal spine model, but there was no significant difference in the mean ROM of all states of motion between the M3-L1 model and the other fixation models except for M5-L2. The M3-L2 model showed a significantly larger mean ROM than the M4-L1, M4-L2, and M5-L2 models. The LVMS values of pedicle screws were larger in the M3-L2 and M4-L3 fixation models than in the other fixation models. The M3-L2 model presented a significantly larger mean LVMS of pedicle screws in all states of motion than the M3-L1 model. The M3-L2 model and M4-L3 model presented a significantly larger mean LVMS of pedicle screws than the other 4 fixation models.

Our results were consistent with previous studies, which showed that screws at the fracture level improve construct stiffness. SSPF with the screwing of fractured vertebra at unstable thoracolumbar fracture levels is as effective as LSPF to restore the anterior vertebral height for the treatment of unstable thoracolumbar fractures.^\[[@R18]\]^ Two-levels-above and one-level-below pedicle screw fixation in unstable thoracolumbar burst fractures was useful to prevent progressive kyphosis and preserve one motion segment distally and was as effective as LSPF in terms of correction loss, kyphosis recurrence, and patient satisfaction.^\[[@R20],[@R21]\]^

The extent and location of fixation affect the biomechanical stability of fixation models. When choosing short-segment pedicle screw fixation with the screwing of fractured vertebrae to treat thoracolumbar fracture, we suggest choosing M3-L1 over M3-L2. More severe injuries can be considered to identify an alternative treatment to long-segment monoaxial pedicle fixation constructs such as the M4-L1 and M5-L2 techniques. Our results also suggested that the M3-L1, M4-L1, and M5-L2 techniques can decrease the LVMS of the instrumentations, and we can see that M3-L1 can save 1 or 2 lumbar segments compared with the M4-L1 and M5-L2 techniques in the treatment of thoracolumbar fractures. More severe injuries can be considered to identify an alternative treatment to LSPF constructs such as M5-L2 techniques. There were no significant differences in the mean LVMS of the rods in all states of motion among all the fixation models. Upon suspecting that a pedicle screw is broken, we must focus on the fractured levels in M3-L2, M4-L3, M4-L2, and M5-L2 techniques and the lower vertebrae adjacent to the fractured levels in M3-L1 and M4-L1.

There were a few limitations to this study. The most common pattern of burst fracture is a fracture between the pedicles in the upper half of the body. In the present study, we attempted to recreate a burst fracture model where only the inferior half of T12 and the intervertebral disc between T12 and L1 were completely resected. Possible differences in pedicle dimensions, muscle force, ribs, and screw sizes should be regarded as impact factors in a future study. We did not take polyaxial screws in our study because the location and number of polyaxial screws may affect our results.

We chose the extreme case and carried out our biomechanical study; the conclusions drawn from the study of the extreme spinal fracture model with more severe instability can also provide references for the clinical treatment of type A 3.1 spinal burst fractures.^\[[@R8]\]^ The study can provide much information related to the effect of the extent and location of fixation on the biomechanical stability of short- or long-segment pedicle screw fixation through intermediate screw fixation at the fracture level in the treatment of thoracolumbar burst fractures. We will undertake further research about posterior short-segment intermediate screws fixation techniques with hybrid monoaxial and polyaxial pedicle screws in the near future based on the present study.

5. Conclusion
=============

When choosing short-segment pedicle screw fixation with the screwing of fractured vertebrae to treat thoracolumbar fractures, we suggest M3-L1 over M3-L2. More severe injuries may require an alternative treatment to long-segment monoaxial pedicle fixation constructs, such as the M4-L1 and M5-L2 techniques.

Author contributions
====================

**Conceptualization:** Hongwei Wang, Jianda Han, Jun Liu, Changqing Li, Yue Zhou, Liangbi Xiang, Lei Yang.

**Data curation:** Hongwei Wang, Zhongjun Mo, Jianda Han, Changqing Li, Yue Zhou, Liangbi Xiang, Lei Yang.

**Formal analysis:** Hongwei Wang, Zhongjun Mo, Jianda Han, Yue Zhou, Lei Yang.

**Investigation:** Jianda Han, Jun Liu, Liangbi Xiang.

**Methodology:** Zhongjun Mo, Jun Liu, Changqing Li, Lei Yang.

**Project administration:** Hongwei Wang, Zhongjun Mo, Yue Zhou, Liangbi Xiang.

**Resources:** Hongwei Wang, Jun Liu.

**Software:** Zhongjun Mo, Jianda Han.

**Supervision:** Jianda Han, Jun Liu, Changqing Li, Yue Zhou, Liangbi Xiang, Lei Yang.

**Validation:** Hongwei Wang, Zhongjun Mo, Jun Liu, Liangbi Xiang, Lei Yang.

**Visualization:** Hongwei Wang, Jianda Han, Yue Zhou, Lei Yang.

**Writing -- original draft:** Hongwei Wang, Zhongjun Mo, Jun Liu, Changqing Li.

**Writing -- review and editing:** Jianda Han, Yue Zhou, Liangbi Xiang, Lei Yang.

Abbreviations: LSPF = long-segment pedicle screw fixation, LVMS = largest maximal von Mises stress, M3-L1 = bilateral 3 monoaxial pedicle screw fixation from L1 to T11, M3-L2 = bilateral 3 monoaxial pedicle screw fixation from L2 to T12, M4-L1 = bilateral 4 monoaxial pedicle screw fixation from L1 to T10, M4-L2 = bilateral 4 monoaxial pedicle screw fixation from L2 to T11, M4-L3 = bilateral 4 monoaxial pedicle screw fixation from L3 to T12, M5-L2 = bilateral 5 monoaxial pedicle screw fixation from L2 to T10, ROM = range of motion, SSPF = short-segment pedicle screw fixation, VMS = von Mises stress.
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